Influence of iron plaque on uptake and accumulation of Cd by rice (Oryza sativa L.) seedlings grown in soil 1 . Introduction
Rice (Oryza sativa) is globally one of the most important food crops. Cadmium (Cd) is an element that is of great concern due to its potential toxicity to rice and, more importantly, its toxicity to humans through contamination of the food chain. Soil Cd pollution can occur naturally or from human activities such as waste disposal, mining and phosphate fertilizer application (Komarnicki, 2005) . To reduce Cd uptake by rice plants is of great importance for minimizing grain Cd in rice production in Cd-polluted soils.
A common feature of aquatic plants such as rice is the formation of iron plaque on the root surfaces due to the release of O 2 and oxidants in the rhizosphere and the subsequent oxidation of ferrous to ferric iron with the precipitation of iron oxide or hydroxide on the root surface (Chen et al., 1980; Taylor and Crowder, 1983b; Taylor et al., 1984) , and/or to biological oxidation by microorganisms (Emerson et al., 1999; Weiss et al., 2003) . Iron plaque consists mainly of ferrihydrite (63%) in Phalaris arundinacea (Hansel et al., 2001) or goethite in Juncus bulbosus (Chabbi, 1999) together with minor levels of other forms of iron. Formation of iron plaque is generally considered to be one of the mechanisms that aquatic plants have evolved to acclimate to anaerobic conditions, particularly to very high concentrations of Fe 2+ , Mn 2+ and S 2+ in the soil. In addition, due to the high capacity of functional groups on iron hydroxides to sequester metal(loid)s by adsorption and/or co-precipitation, the availability of the metal(loid)s in the rhizosphere can be affected by the iron plaque on the root surfaces, and this may lead to changes in the uptake and accumulation of elements by the plants. The presence of iron plaque can inhibit or enhance the uptake of phytotoxic metal(loid)s into plant tissues (Greipsson, 1994 (Greipsson, ,1995 Ye et al., 2001; Batty et al., 2000 Batty et al., , 2002 Chen et al., 2004; Liu et al., 2004a,b; Chen et al., 2006) . Like other wetland plant species, rice develops aerenchyma to transfer O 2 from the aerial parts to the roots, resulting in the oxidation of ferrous to ferric iron and the precipitation of iron oxides or hydroxides on root surfaces (Chen et al., 1980) . The formation of iron plaque on rice root surfaces has been shown to alleviate Cu, Ni, Zn and Al toxicities (Greipsson and Crowder, 1992; Greipsson, 1994 Greipsson, , 1995 Zhang et al., 1998; Chen et al., 2006) and to alter the uptake and translocation of P (Zhang et al., 1999) and As (Chen et al., 2004; Liu et al., 2004a Liu et al., ,b, 2005 in solution culture experiments. However, little information is available on the relationship between iron plaque and Cd uptake and accumulation in rice grown in soil. The characteristics of iron plaque in soil differ substantially from those induced in solution culture in terms of the composition, distribution and properties of the iron plaque, microbial activity (Emerson et al., 1999; Weiss et al., 2003) , and the extension of iron plaque into the rhizosphere (Taylor et al., 1984; Wild, 1988) . For example, when Typha latifolia was grown in the field, Taylor and Crowder (1983a,b) found that concentrations of Cu and Ni in the shoots were lower in the presence of iron plaque than in its absence, and they argued that iron plaque decreased the uptake of various elements (Taylor and Crowder, 1983a) . In contrast, in solution culture iron plaque did not inhibit elemental uptake by plants (Taylor and Crowder, 1983b) . The objective of the present work was therefore to investigate the potential role of iron plaque in the growth and uptake and accumulation of Cd by rice seedlings growing in soil.
2.
Materials and methods ). The pH of the nutrient solution was adjusted to 5.0 with NaOH and HCl and the solution was changed every three days. The seedlings were then transplanted into soil with one of the designated treatments.
The soil was collected from a rice field in Sichuan Province, southwest China and is classified as an Aquorizem developed from alluvial deposits of the Minjiang River. Root debris and stones were removed and the soil was air-dried and sieved (b3 mm). The soil had the following properties: pH , and Cd concentrations in irrigated water were above 10 mg l − 1 in Taiwan (Hsu and Kao, 2005) . All chemical reagents were dissolved in water and then mixed thoroughly with the soil. The Fe and Cd were added in all possible combinations to give a total of nine treatments as follows: Fe0Cd0, Fe1Cd0, Fe2Cd0, Fe0Cd2, Fe1Cd2, Fe2Cd2, Fe0Cd10, Fe1Cd10, Fe2Cd10 and there were five replicate pots of each treatment.
Soil culture experiment
The plastic plant pots used were round and tapered with a mean diameter of 7.5 cm and a height of 15 cm. Each pot was filled with 600 g soil. Firstly, a small amount of soil (approximate 200 g) was placed in each pot and then a bag made of nylon net (8 cm wide × 15 cm long) of 30 µm pore size was placed upright in the centre of the pot. The nylon net was used to restrict root growth within the bag so that the roots could be easily separated from the soil at harvest. Finally, the remaining soil (approximate 400 g) was divided into two equal parts which were placed on either side of the bag. Seedlings were grown in mesh bags containing no substrate but surrounded by soil to avoid the difficulty of separating roots from soil and to minimize losses of root material at harvest. The soil was then moistened with deionized water and left to equilibrate for two weeks. Two rice seedlings were placed in each nylon net and the pots were then flooded with deionized water. The water level was maintained at about 1-2 cm above the soil surface during whole period of plant growth.
2.3.

Plant growth and harvesting
The seedlings grew for 42 days from 22 June to 4 August 2005 in the greenhouse at the College of Resources and Environmental Sciences, China Agricultural University, Beijing. The average day/night regime was 15/9 h with a temperature regime of 35/15°C. During plant growth the length of the longest leaf of each seedling was measured by ruler on 5, 12, 19, and 26 July and 3 August. The SPAD (Soil and Plant Analyzer Development) values of the newly mature leaves were also determined on 22, 25, 28, and 31 July and 3 August. At harvest the nylon nets were removed from the pots. Seedlings were separated into shoots and roots and the samples were rinsed with tap water and then with deionized water. Each entire root sample was firstly used for DCB extraction, and then the roots and shoots were oven dried at 70°C for three days.
Chemical analysis of plant samples
Iron plaque on the surface of the fresh roots was extracted using a modified dithionite-citrate-bicarbonate (DCB) method (Taylor and Crowder, 1983c; Otte et al., 1989) . The entire root systems of both rice seedlings from each pot were firstly incubated for 70 min at 25°C in 80 ml 0.03 mol l −1 sodium citrate (Na 3 C 6 H 5-O 7 ·2H 2 O) and 0.125 mol l − 1 sodium bicarbonate (NaHCO 3 ) with the addition of 1.6 g sodium dithionite (Na 2 S 2 O 4 ). The extracts were then transferred into 100-ml glass flasks. Roots were rinsed three times with deionized water and the eluates were added to the DCB extracts. Finally the solutions were filtered into plastic containers for subsequent analysis.
Oven dried root and shoot samples were milled. Subsamples (0.25 g) were weighed into digestion tubes and moistened overnight with a mixed acid solution composed of 5 ml concentrated HNO 3 and 1 ml mixed concentrated acid (HNO 3 :HClO 4 = 1:1). On the following day the samples were heated on a digestion block at 90°C for 3 h, then at 140°C for 5 h, and at 180°C for a further 2 h until little solution remained in the tubes. After cooling, the digests were transferred to 25-ml flasks with deionized water and filtered into By analysis of variance; ***P b 0.001; **P b 0.01; *P b 0.05; NS, not significant. 
Statistical analysis
Data were tested for normality using the KolomogorovSmirnov test and results were analyzed by two-way or threeway analysis of variance (for length of longest leaf and SPAD values of leaves) using SAS for Windows (Version 8.2, SAS Institute Inc., Cary, NC, USA). Data presented are means ± SD (n = 5), and the treatment means were compared using least significant difference (LSD) at the 5% level.
Results
Deposition of iron plaque on root surfaces
At harvest, reddish iron plaque was visible on the surface of the rice roots. Iron plaque appeared as a light orange color at Fe0 and deep brown at Fe1 and Fe2, indicating that the roots were heavily coated with iron plaque. Iron plaque on the surface of lateral roots was deposited on the root segment more than 1 cm from the root tips. The entire older roots were heavily coated with iron plaque and these roots were short, thin, rigid, and easily broken down.
Dry weights of shoots and roots
The dry weights of shoots and roots were significantly affected by Fe additions but not by Cd additions. Cd and Fe interacted to affect shoot dry weight (P b 0.05, Table 1 ). When no Cd was Fig. 2 -SPAD values of leaves of rice seedlings grown in soil amended with different levels of Fe and Cd. added to the soil, shoot dry weight at Fe0 was lower than at Fe1 and higher than at Fe2. Root dry weights at Fe1 and Fe2 appeared lower than at Fe0 but the difference was not significant. The dry weight of shoots and roots at Cd2 declined with increasing Fe supply. At Cd10 the dry weights of shoots and roots at Fe1were higher than at Fe0 and Fe2, and root dry weight at Fe2 was significantly lower than at Fe0.
Length of the longest leaf and SPAD values of leaves
The length of the longest leaf was significantly affected by plant growth period, Fe and Cd additions and by their two-way interactions (P b 0.001, Table 2 ). At Cd0 and Cd2 the leaf lengths decreased at first (5 to 12 July) and subsequently increased with increasing Fe supply (Fig. 1) . At Cd10 the leaf length increased at Fe1 over the whole growth period and at Fe2 it decreased initially and then increased. The Fe-induced growth promoting effect was greater at Fe1 than at Fe2 with all Cd additions. The leaf length at Fe0 declined with increasing Cd supply but at Fe1 and Fe2 it was not significantly affected by Cd supply level.
The SPAD values of mature leaves were significantly affected by plant growth period, Fe and Cd additions and their interactions (P b 0.05, except time × Cd, Table 2 ). The SPAD values of leaves at Fe1 and Fe2 were significantly higher than at Fe0 irrespective of Cd supply level (Fig. 2) . At Fe0 and Fe1 leaf SPAD values tended to decrease with the duration of the plant growth period, while at Fe2 the value no longer decreased from 25 July on. Addition of 2 mg kg − 1 Cd increased leaf SPAD value at Fe0 but at Fe1 and Fe2 the addition of Cd usually had no significant effect on leaf SPAD value.
Fe and Cd concentrations in DCB extracts and in roots and shoots
Iron concentrations in DCB extracts and in rice seedling roots and shoots were significantly affected by Fe but not by Cd supply level (P b 0.001, Table 3 ). The Fe concentrations in DCB extracts and roots were significantly higher when Fe was supplied than without added Fe (Fig. 3) . In general, Fe concentrations in DCB extracts and roots at Fe2 were higher than at Fe1 and significant differences were observed for Fe concentrations in roots and DCB extracts at Cd2 and for DCBFe at Cd10. Shoot-Fe concentrations increased with increasing Fe supply level and the value at Fe2 was much higher than at Fe1 or Fe0.
The Cd concentrations in DCB extracts and in roots and shoots were significantly affected by Cd and Fe supply level (Table 3 ). The Cd concentrations in DCB extracts increased with increasing Fe supply level (except at Cd0, Fig. 4) . The presence of Cd in DCB extracts when no Cd was added to the soil was most likely due to background Cd in the soil used. Cd concentrations in roots and shoots were significantly lower when Fe was supplied and in general there was no significant difference between the two Fe supply levels, except that root Cd concentrations at Fe2Cd2 were significantly lower than that at Fe1Cd2. The Fe-induced decreases in shoot and root Cd concentrations were greater at Cd10 than at Cd2. Cd concentrations in DCB extracts and in shoots and roots increased significantly with increasing Cd supply level and the trend was most pronounced at Fe0. Root Cd concentrations were shown to be negatively correlated with root Fe concentrations at both Cd2 and Cd10 addition levels (P b 0.001, Fig. 5 ).
Proportions of Fe and Cd in DCB extracts and in roots and shoots
The proportions of Fe in DCB extracts and in roots and shoots were significantly affected by Fe supply level but not by Cd addition (Table 4 ). The proportion of Fe in the extracts was much higher than that in roots or shoots. DCB-Fe% was higher when Fe was supplied and the reverse was observed for the proportion of Fe in roots and shoots. The Fe-induced increases in DCB-Fe% and decreases in the proportion of Fe in roots and shoots were greater at Fe1 than at Fe2 except at Cd10 where the difference in DCB-Fe% and root Fe% between Fe1 and Fe2 was not significant.
The percentages of Cd distribution were significantly affected by Cd and Fe supply levels (except shoot Cd%) and by their interactions (Table 5 ). The proportion of Cd in roots was often greater than in DCB extracts and shoots (except at Fe1Cd0 and Fe2Cd0). Cd proportion in DCB extracts increased with increasing Fe supply level, whereas the proportion of root Cd decreased. Shoot Cd percentages were variable depending on external Cd addition. There was no significant difference in the proportion of Cd in roots and shoots between Fe1 and Fe2 except that root Cd% at Fe2Cd2 was significantly lower than at Fe1Cd2.
Discussion
Cadmium is not an essential element for plant growth and although its mammalian toxicity is of prime environmental concern it may also disturb various physiological processes in plants. Cadmium has been shown to inhibit root growth and leaf extension, decrease the content of chlorophyll and proteins (Lagriffoul et al., 1998) , produce oxidative stress (Chien et al., 2001 ), influence photosynthesis (Mendelssohn et al., 2001) , and affect the absorption of nutrient elements (Hsu and Kao, 2005) . In the present experiment plant growth was significantly affected by Fe supply levels in the soil but not by Cd additions (Table 1) , although the length of the longest leaf and leaf SPAD values were significantly affected by both factors and their interactions (Table 2) . When no Fe was added to the soil Cd10 significantly decreased shoot dry weight (Table 1) , and Cd2 and Cd10 inhibited extension of the longest leaf (Fig. 1) . When Fe (1 or 2 g kg
) was added, there was no significant effect of Cd on dry weights of roots and shoots (except at Fe1Cd10), leaf length or SPAD values (Figs. 1 and 2) . The results therefore indicate that Fe is the element that exerts the greater influence on rice growth and the negative effects of Cd additions on the physiological indices of rice seedlings are to some extent diminished by addition of Fe to the soil. Although aquatic plants have evolved a mechanism to oxidize Fe (II) to Fe (III) in the rhizosphere to form iron plaque to prevent excessive Fe uptake, high Fe concentrations in the substrate can potentially induce iron toxicity in these plants and consequently reduce plant growth (Batty and Younger, 2003) . On the other hand, Fe has been shown to confer plant tolerance to excessive metals (DeKock, 1981) including Cu and Ni (Greipsson, 1994 (Greipsson, , 1995 , and the beneficial effect of Fe has been attributed to strong competition of Fe with heavy metals for sensitive metabolic sites within the leaves (Taylor and Crowder 1983c; Kuo, 1986) or in the root tips (Chen et al., 2006) .
More iron plaque was formed on root surfaces when additional Fe was added to the soil (Fig. 3) . Iron plaque has been shown to have high affinity for metal(loid)s and thus affects the uptake of these elements by plants. Large amounts of iron plaque on root surfaces led to high deposition of Cd in Fe plaque as shown by the higher Cd in DCB extracts in plants treated with Fe (Fig. 4) . Similar results were obtained by Liu et al. (2004b) who found that DCB-extracted As was correlated with the amount of iron plaque on root surfaces of rice. Zhang et al. (1998) also found that Zn concentrations in DCB extracts increased with increasing amount of iron plaque on root surfaces. However, higher Cd concentrations in DCB extracts did not lead to increasing shoot or root Cd concentrations. Cadmium concentrations in shoots and roots of rice seedlings with higher amounts of iron plaque on the root surfaces were substantially lower than those of seedlings with low amounts of iron plaque (Fig. 4) . One may presume that iron plaque impeded the uptake and translocation of Cd in the plants as shown in many other studies for other elements (Greipsson, 1994 (Greipsson, , 1995 Peverly et al., 1995; Christensen and Sand-Jensen, 1998; Hansel et al., 2001 Hansel et al., , 2002 Liu et al., 2005; Chen et al., 2006) . However, the substantial decreases in Cd concentrations in shoots and roots cannot be attributed solely to the sequestration of Cd in Fe plaque. As shown in Table 5 , at Cd2 and Cd10 DCB-extracted Cd accounted for only a small proportion of Cd in the plants (0.7-15.6%) in comparison with 47.5-72.8% of Cd in roots and 26.5-36.9% in shoots. This is in marked contrast to the much higher proportion of As found in DCB extracts on rice root surfaces when rice was grown in solution culture (Liu et al., 2004a,b) and in soil (Bravin et al., 2008) . In addition, the ironinduced decreases in root Cd concentrations were approximately 100% (Fe1Cd2) and 372% (Fe2Cd2) relative to Fe0Cd2, and 721% (Fe1Cd10) and 840% (Fe2Cd10) relative to Fe0Cd10.
The corresponding values for shoot Cd concentrations were 76% (Fe1Cd2) and 236% (Fe2Cd2), and 485% (Fe1Cd10) and 507% (Fe2Cd10) (Fig. 4) . Furthermore, root Cd concentrations were negatively correlated with root Fe concentrations (Fig. 5) . It can be inferred that root tissues may be the main barrier preventing Cd from entering the roots, and enhanced Fe nutrition in the roots may partially depress Cd uptake by plant roots but the underlying mechanism needs further investigation. This is further supported by the observation that even though Fe concentrations in shoots and roots of plants grown at Fe2 were substantially higher than at Fe1, shoot Cd concentrations at Fe2 and Fe1 did not differ significantly irrespective of Cd additional level. Clearly, high Fe concentrations in shoots did not affect Cd uptake and lower Cd concentrations in shoots of plants treated with Fe in comparison to those without added Fe due to lower Cd concentrations in the roots, and thus the lower translocation of Cd from roots to shoots. Other studies using solution culture also showed that root tissue is important in preventing metal(loid)s from entering the plants, including As when arsenite was supplied in the substrate (Liu et al. 2005) , Pb and Cd (Ye et al., 1998) , Cu, Zn and Pb (Vesk et al., 1999) , Fe, Mn, Cu and Zn (Chabbi, 2003) , and Cd (Liu et al., 2007) . Recently Bravin et al. (2008) showed that redox potential varied temporally and spatially in the rhizosphere of rice seedlings, which may lead to a change in iron plaque in the rhizosphere. Liu et al. (2006) showed that the amount of Fe plaque differed among different sections of the roots (root tips N middle N base) and among rice genotypes tested. Our results and those of other workers indicate that the processes involved and the role of iron plaque on root surfaces of rice plants in sequestering heavy metals are more complicated than previously thought, particularly when the plants are grown in soil rather than synthetic media. Further research, particularly using in situ techniques, is required to clarify the relationship between iron plaque formation and Cd uptake and accumulation in rice plants.
In conclusion, our results indicate that Fe plaque may adsorb and sequester Cd onto the root surfaces. However, in comparison with root tissues, iron plaque on root surfaces is of little significance in preventing Cd from entering rice roots and subsequently restricting its translocation from roots to shoots. Further research is required to examine further the interactions between Cd and Fe and to study the movement of Cd in more detail within the soil-plant system. Our study has indicated that improving plant Fe nutrition may be of relevance in preventing Cd from entering rice plants. Application of Fe to Cd contaminated soils may have the potential to enhance Fe concentrations while reducing Cd concentrations in rice, and this has important implications for the production of rice with high Fe but low Cd contents for the benefit of human health.
